The retinoblastoma tumor-suppressor protein (pRb) is known to induce growth arrest and cellular differentiation. The molecular determinants of pRb function include protein-protein interactions and post-translational modifications such as phosphorylation. Recently, the co-activator p300 was found to acetylate pRb. The biological significance of pRb acetylation, however, remains unclear. In the present study, we provide evidence that pRb undergoes acetylation upon cellular differentiation, including skeletal myogenesis. In addition to p300, the p300-Associated Factor (P/CAF) can mediate pRb acetylation as pRb interacts directly with the acetyltransferase domain of P/CAF in vitro and can associate with P/CAF in differentiated cells. Significantly, by using a C terminal acetylation-impaired mutant of pRb, we reveal that acetylation does not affect pRb-dependent growth arrest or the repression of E2F transcriptional activity. Instead, acetylation is required for pRb-mediated terminal cell cycle exit and the induction of late myogenic gene expression. Based on these results, we propose that acetylation regulates the differentiation-specific function(s) of pRb.
Introduction
The retinoblastoma (Rb) gene family consists of three members, Rb, p107 and p130, known to encode 'pocket' proteins that regulate the mammalian cell cycle. More specifically, pRb family members have overlapping roles in promoting cellular growth arrest. Targeted inactivation of all the three Rb-related genes in embryonic stem cells causes deregulated G 1 /S transition, abrogation of G 1 arrest and cellular immortalization (Dannenberg et al, 2000; Sage et al, 2000) . The underlying mechanism of these observations involves the common ability of pocket proteins to interact with the E2F family of transcription factors. This is exemplified by the activity of pRb, which, once in a hypophosphorylated state, can bind to E2F-1 or E2F-3 and repress E2F-induced expression of genes normally required for cell cycle progression (Dyson, 1998; Harbour and Dean, 2000) .
Despite the apparent similarities, multiple studies have now revealed the biochemical and biological differences that distinguish pRb from p107 and p130 (Classon and Dyson, 2001 ). Most noteworthy is the fact that pRb is the only pocket protein known to exhibit features of a bona-fide tumor suppressor. Accordingly, Rb heterozygous mice are predisposed to the onset of pituitary and thyroid cancer (Clarke et al, 1992; Jacks et al, 1992) , and deregulation of the Rb signaling pathway or inactivation of Rb itself is a hallmark of nearly all human tumors (Hanahan and Weinberg, 2000) . Furthermore, genetic experiments have demonstrated a unique role for Rb in metazoan development and cellular differentiation. Germline deletion of Rb in mice, for instance, results in embryonic lethality between 13 and 15 days of gestation (Clarke et al, 1992; Jacks et al, 1992; Lee et al, 1992) , whereas p107 À/À or p130 À/À mice are seemingly viable (Cobrinik et al, 1996; Lee et al, 1996) . More recent reports, however, suggest that the penetrance of p107/p130 null phenotypes may depend on the genetic background (LeCouter et al, 1998a, b) . Nonetheless, Rb À/À animals exhibit distinct developmental abnormalities, with deregulated proliferation, cell death and defects in differentiation seen in multiple embryonic tissues. Although a compound E2F-1 deletion extends the survival of Rb À/À animals, these mice eventually die of disruptions in erythroid, pulmonary and muscular development (Yamasaki et al, 1998) . Consequently, important function(s) of the pRb tumor suppressor are not restricted to the regulation of E2F activity during cell cycle progression.
In vitro tissue culture models also support the notion that pRb possesses a unique role in mediating differentiation. This is best demonstrated by the requirement for Rb during skeletal myogenesis (Gu et al, 1993; Schneider et al, 1994; Zacksenhaus et al, 1996) . Three coordinated yet distinct biological events are known to occur during muscle differentiation. The first involves an initial growth arrest linked to the upregulation of the cell cycle inhibitor p21 cip1 and repression of E2F-regulated proliferative genes. This early phase of the myogenic program does not seem to necessitate pRb, as other pocket proteins can substitute for loss of Rb in inducing growth arrest and Rb À/À myoblasts are capable of expressing early markers of differentiation (Schneider et al, 1994; Novitch et al, 1996) . Following this acute growth arrest, a more permanent cell cycle withdrawal is considered necessary for the later stages of differentiation. This then renders myotubes conducive to the expression of late markers including the myosin heavy chain (MyHC). Rb-deficient cells are incapable of undergoing terminal arrest, exhibit delayed expression of late differentiation markers and can re-enter the cell cycle. Significantly, the aberrant myogenic phenotype associated with Rb disruption does not occur in cells lacking p107 or p130 (Novitch et al, 1996) . Thus, pRb fills a more specific role throughout the later phases of myogenesis. Consistent with animal models, the ability of pRb to promote differentiation is independent of acute G 1 /S block and does not require stable binding to E2F (Sellers et al, 1998) . Instead, preliminary efforts led to the idea that pRb can potentiate the muscle-specific transcription factor MyoD (Gu et al, 1993) . Although several studies have confirmed the ability of pRb to stimulate MyoD-dependent transcription, this cooperation is probably of an indirect nature, as the association of pRb with MyoD in vivo remains controversial . Alternative models propose that pRb binding to inhibitors of MyoD, such as the E1A-like inhibitor of differentiation-1 (EID-1) or histone deacetylases (HDACs), leads to 'de-repression' of MyoD activity (MacLellan et al, 2000; Miyake et al, 2000; Puri et al, 2001) . Multiple biochemical factors are likely to contribute to the overall functions of pRb required for differentiation.
In addition to pRb, other proteins are known to cooperate with MyoD in promoting muscle differentiation. Among these are the transcriptional co-activators CREB-binding protein (CBP), p300 and the p300-associated factor (P/CAF), which possess intrinsic acetyltransferase activity (Bannister and Kouzarides, 1996; Ogryzko et al, 1996; Yang et al, 1996) and are required for myogenesis (Puri et al, 1997; Polesskaya et al, 2001b) . p300 and CBP are in fact known to regulate the activity of numerous transcription factors (Vo and Goodman, 2001) , and possess conserved functions in cell growth, transformation and development (Goodman and Smolik, 2000) . P/CAF has likewise been linked to differentiation and tumorigenesis (Yang et al, 1996; Schiltz and Nakatani, 2000) . Current models propose that p300/CBP and P/CAF can form a multimeric complex with MyoD, which recruits these co-activators to muscle-specific promoters (Eckner et al, 1996; Yuan et al, 1996; Puri et al, 1997; Sartorelli et al, 1997) . P/CAF and p300/CBP are then believed to hyperacetylate the surrounding nucleosomes, thus increasing the accessibility of additional transcription factors to MyoD target promoters (McKinsey et al, 2001) . Interestingly, besides acetylating histone tails, p300/CBP and P/CAF can acetylate MyoD itself at conserved lysine residues (Sartorelli et al, 1999; Polesskaya et al, 2000; Polesskaya and Harel-Bellan, 2001 ). The acetylation of MyoD is postulated to increase DNA binding and is important for MyoD activity. Remarkably, p300/CBP and P/CAF have now been demonstrated to acetylate a wide variety of non-histone proteins, including many DNA-binding proteins, also general transcription factors, cytoplasmic proteins and tumor suppressors (Kouzarides, 2000) .
Recently, the co-activator p300 was shown to acetylate pRb in vitro (Chan et al, 2001) . The mechanism and biological relevance of pRb acetylation, however, remain unclear. In the present study, we provide evidence that the differentiationspecific functions of pRb are modulated by acetylation.
Results

pRb is acetylated upon cellular differentiation
The aim of the present study was to determine the importance of pRb acetylation during cellular differentiation. To this end, the acetylation state of pRb was examined in various differentiation cell culture systems. Murine C2C12 myoblasts are induced to differentiate into myotubes by growth to confluence and depletion of serum (DM). Using this system, expression of the late myogenic marker, MyHC, was detected by 36 h ( Figure 1A , left). Acetylation of pRb was examined via immunoprecipitation of C2C12 nuclear extracts using either anti-pRb or control IgG antibody, followed by immunoblotting with an antibody that detects acetylated lysine residues (Ac-K). As shown in Figure 1A (right panel), acetylated pRb was more prevalent in differentiated (DM) extracts when compared to undifferentiated cells (GM). When the same blot was stripped and re-probed for pRb, a predominance of the active, hypophosphorylated (faster migrating) form of pRb was detected in differentiated myotubes. The acetylation state of pRb was also assessed in human foreskin keratinocytes (HFKs) that undergo cellular differentiation upon suspension in methylcellulose. Significantly, pRb became acetylated as the HFK differentiation marker involucrin was induced ( Figure 1B ). Taken together, these results demonstrate that pRb acetylation occurs upon cellular differentiation and that this regulatory process is conserved.
Myogenesis induces pRb to associate with P/CAF As P/CAF is necessary for both muscle and keratinocyte differentiation (Puri et al, 1997; Kawabata et al, 2002) , we examined whether pRb can form a complex with P/CAF. As demonstrated in Figure 2B , in vitro translated (IVT) P/CAF Asynchronous C2C12 cells were grown in 20% FCS and harvested at low confluence (GM), or grown to high confluence and incubated in 1% horse serum (DM). Samples were harvested following 18 and 36 h in DM. C2C12 differentiation was confirmed by immunoblotting for MyHC from whole-cell lysates (left). In the right panel, acetylation of pRb was detected by immunoprecipitating nuclearenriched extracts with IgG control or an anti-pRb agarose-conjugated antibody. Immunoprecipitated samples were run on an SDS-PAGE gel, transferred to nitrocellulose and probed with anti-acetylated lysine (Ac-K) antibody. Blots were stripped and re-probed using anti-pRb to confirm the presence of an overlapping pRb band. bound to the pRb large pocket (pRbLp). Deletion mutations at exons 21 and 22 (pRbLpD21, pRbLpD22) in the pocket region did not noticeably affect binding to P/CAF. The pRbA (aa 379-610, Figure 2A ) domain alone did not pull down P/CAF, while the B (aa 612-767) and C (aa 792-928) regions of pRb interacted with P/CAF, albeit less efficiently when used individually. To confirm that pRb binds directly to P/CAF, the His-tagged HAT domain of P/CAF (aa 353-658, Figure 2A ) was purified from bacteria and used in pull-down assays with full-length recombinant pRb (GST-pRbFl). This HAT domain was sufficient to interact directly with pRb ( Figure 2C ), and was as potent as the association of P/CAF with p53, a wellknown in vitro and in vivo binding partner of P/CAF (Liu et al, 1999) . Next, we used a recombinant P/CAF fragment lacking its first 351 amino acids (DN-P/CAF) in an attempt to copurify endogenous pRb from differentiated C2C12 extract. DN-P/CAF does not interact with p300 , yet readily precipitated endogenous pRb ( Figure 2D ). Thus, P/ CAF and pRb might form a complex in cells independently of p300. Having established that pRb and P/CAF interact in vitro, we attempted to determine whether such a complex could be detected in vivo. As pRb levels increase upon myogenesis ( Figure 1A ), GM and DM nuclear lysates were standardized for equal pRb levels before being immunoprecipitated. Consequently, pRb was found to co-precipitate with endogenous P/CAF and this association was significantly increased in differentiated cells ( Figure 2E ). Furthermore, endogenous P/CAF binding correlated with the hypophosphorylated and acetylated form of pRb ( Figure 2E , lower panels). Similar observations were obtained in differentiating HFKs (data not shown). Thus, cellular differentiation induces P/CAF to associate with pRb.
P/CAF mediates acetylation of pRb
To assess whether P/CAF could also directly catalyze the acetylation of pRb, we used GST-pRbLp as a putative substrate for the HAT domain of P/CAF in an acetyltransferase assay. In addition, acetylation of pRbLp was compared to that of the small pocket (pRbSp: aa 379-792), which lacks the C terminus of pRb. Recombinant P/CAF was able to acetylate specifically the large pocket of pRb up to five-fold over background levels, as detected via Western blot ( Figure 3A) . Conversely, the small pocket of pRb was not markedly acetylated, even though it was capable of binding to P/CAF. We extrapolate from this result that the C terminus of pRb contains a major site(s) targeted by P/CAF for acetylation. Importantly, P/CAF could also enhance pRb acetylation in differentiating C2C12 cells ( Figure 3B , lane 3). When an inactive version of P/CAF lacking its acetyltransferase domain (Flag-P/CAFDHAT) was co-transfected along with HApRb, pRb acetylation was reduced, potentially due to a lower capacity of P/CAFDHAT to associate with pRb ( Figure 3B , lane 4). Consistent with a role for p300 in pRb acetylation, overexpression of p300 in C2C12 cells also increased detectable levels of acetylated pRb ( Figure 3B , lane 5). Interestingly, co-transfection of P/CAF and p300 along with pRb resulted in an overall increase in pRb acetylation compared to samples transduced with either co-activator alone ( Figure 3B , last lane). In sum, we conclude that P/CAF is a mediator of pRb acetylation, and that it can cooperate with p300 in fulfilling this activity.
Previously, p300 was found to acetylate the C terminus of pRb in vitro at lysine residues 873/874 (Chan et al, 2001) . As our results demonstrate that P/CAF equally acetylates the C terminus of pRb in vitro, and that P/CAF cooperates with p300 in acetylating pRb in cells, we reasoned that amino acids 873/874 of pRb might be targeted by P/CAF as well. To verify this hypothesis, lysine residues 873/874 of pRb were mutated to arginine (RR), a change that preserves the overall charge, but inhibits acetylation of the sites in question. The resulting mutant is referred to as pRb.RR ( Figure 3C ). When used in vitro within the context of pRbLP, the RR mutant displayed a reduced capacity for P/CAF-mediated acetylation ( Figure 3D ). This was confirmed in COS-1 cells that were cotransfected with Flag-P/CAF and full-length pRb or pRb.RR ( Figure 3E ). Moreover, this decrease in acetylation was not caused by defects in P/CAF binding, as pRb.RR co-precipitates with Flag-P/CAF ( Figure 3F ). We note that the residual acetylation of pRb.RR is likely due to the presence of additional unidentified acetylated sites. Nevertheless, we conclude that lysine residues 873/874 are important sites of pRb acetylation. In vitro translated 35 S-labeled full-length P/CAF was incubated with the indicated GST-pRb fragments in a standard pull-down assay. Samples were resolved via SDS-PAGE gel; bound P/CAF was analyzed using phosphoimaging, while appropriate GST loading was confirmed via coomassie staining of a replica gel (bottom). Dots designate the running positions of GST proteins used. (C) Full-length GST-pRb or GST-p53 were incubated with the His-tagged HAT domain of P/CAF in a pull-down experiment and analyzed via Western blot. (D) GST-DN-P/CAF (D1-351) was used to purify endogenous pRb from differentiated C2C12 extracts. (E) GM or DM C2C12 extracts were standardized for pRb levels, immunoprecipitated as in Figure 1 and subjected to Western blot analysis for endogenous P/CAF. Samples immunoprecipitated in parallel were blotted with anti-Ac-K. The Ac-K blot was stripped and re-probed with anti-pRb.
pRb acetylation is required for permanent cell cycle withdrawal and differentiation-specific gene expression To identify which biological function(s) requires pRb acetylation, the acetylation-impaired mutant pRb.RR was expressed in various Rb-deficient cell lines. Consistent with previous experiments, the expression of either wild-type pRb or pRb.RR in Rb À/À SAOS-2 cells resulted in G 1 /S growth arrest (data not shown) (Chan et al, 2001) , demonstrating that pRb acetylation is not required for acute cell cycle arrest. Following these results, the requirement for pRb acetylation was more specifically examined within the context of cellular differentiation. As the genetic requirement for Rb during muscle development has been firmly established, skeletal myogenesis was used as our model system. Moreover, Rb Figure 4A ). This is in agreement with the fact that Rb À/À 3T3 fibroblasts are deficient for growth arrest upon serum starvation (Classon et al, 2000) and that MyoD-induced arrest requires Rb (Peschiaroli et al, 2002) . Predictably, these samples had a higher proliferative potential when re-incubated in serum-containing media. Expression of pRb in MyoD-Rb À/À fibroblasts rescued the arrest mediated by growth factor depletion and further rendered transduced cells refractory to mitogenic stimulation ( Figure 4A ), the latter being a hallmark of cells committed towards differentiation. When pRb.RR was introduced into a MyoD-Rb
background, cells initially arrested indistinguishably from wild-type pRb when starved. Importantly though, 15% of pRb.RR transfected cells re-entered the cell cycle upon addition of serum, indicating that cells expressing the acetylation defective mutant maintain their proliferative potential. Similar experiments were performed with CC42 muscle precursor cells, which do not exhibit terminal growth arrest upon differentiation due to impaired pRb function (Schneider et al, 1994; Chen and Wang, 2000) . Stable expression of pRb or pRb.RR in CC42 myotubes confirmed that the acetylation defective mutant could not establish a growth refractory state ( Figure 4B ). Moreover, while wild-type pRb retained a more hypophosphorylated (p) state following serum re-stimulation, pRb.RR was predominantly hyperphosphorylated (pp), consistent with its inability ( Figure 4C ) to establish permanent cell cycle withdrawal. As acetylation of pRb is necessary to cooperate with MyoD in establishing permanent growth arrest, we hypothesized that pRb acetylation might also affect other MyoD-dependent functions, such as differentiation-specific gene expression. To test this, MyoD-Rb À/À lines were transfected as in Figure 4 and the steady-state levels of myogenic markers were examined. As previously demonstrated, pRb had little or no effect on MyoD-dependent expression of the early markers of differentiation myogenin ( Figure 5A , left) and p21 cip1 (right), while both MyoD and pRb were required for optimal induction of the late marker MyHC ( Figure 5A ). When pRb.RR was expressed, no defects were seen on myogenin or p21 cip1 expression. However, induction of MyHC was reduced compared to wild-type pRb/MyoD-expressing cells, suggesting a failure of the pRb.RR mutant to stimulate MyoD activity fully. Finally, immunofluorescent microscopy revealed that even at later time points (DM ¼ 72 h), cells expressing pRb.RR displayed a more diffuse pattern of MyHC expression ( Figure 5B ) as well as an overall lower percentage of MyHC-positive cells compared to wild-type pRb ( Figure 5C ). We conclude from these results that acetylation of pRb at residues 873/874 is dispensable for the early stages of differentiation, including acute cell cycle arrest and expression of early markers. More importantly, pRb acetylation is required to establish permanent cell cycle withdrawal and induction of late differentiation gene expression.
Mutation of pRb-acetylated residues 873/874 does not affect E2F transcriptional repression, but results in impaired MyoD-dependent transactivation
The molecular properties of pRb can be categorized into two distinct activities: (1) pRb transcriptional repression of cell cycle-regulated genes and (2) its ability to act as a differentiation-specific co-activator. To determine whether these activities are regulated by acetylation, the pRb.RR mutant was used in transcriptional reporter assays. In the first set of experiments, the ability of pRb.RR to repress E2F-1 transcription was examined. Rb À/À 3T3 cells were transfected with Gal4-E2F-1, a Gal4 reporter plasmid and pRb or the indicated mutants. Luciferase activity was measured following 24 h of serum starvation. The pocket mutant pRbD22, which does not induce cell cycle arrest or muscle-specific gene expression (Sellers et al, 1998) , was included as a negative control and is unable to repress E2F transcription when compared to wildtype pRb ( Figure 6A ). In contrast, pRb.RR was still capable of significantly repressing E2F activity. Furthermore, co-transfection of P/CAF with wild-type pRb did not alter E2F repression (data not shown). In Figure 6B , pRb-mediated co-activation was analyzed using a reporter construct responsive to MyoD activation. Rb-negative cell lines were transfected with 4RE-luc, MyoD and limiting amounts of pRb or the indicated mutants, followed by incubation in DM. Interestingly, while pRb was found to stimulate MyoD activity, pRb.RR was impaired in co-activating MyoD-dependent transcription ( Figure 6B ). These results were confirmed by examining the endogenous levels of cyclin A, a marker of proliferation that is repressed by pRb, and MyHC that is activated by MyoD ( Figure 6C ). Acetylation is thus required for pRb to function as a co-activator, but dispensable for transcriptional repression. cloned repressor of MyoD transcription, the E1A-like inhibitor of differentiation (EID-1), can associate with pRb and is degraded upon terminal growth arrest/myogenesis (MacLellan et al, 2000; Miyake et al, 2000) . The degradation of EID-1 requires the concomitant association of pRb to the ubiquitin ligase MDM2, which then targets EID-1 for proteosomal destruction (Miyake et al, 2000) . It is within the context of these models that we examined the mechanism by which acetylation affects pRb.
To accomplish this, wild-type HA-tagged pRb or HApRb.RR was expressed in C2C12 cells and immunoprecipitated following the induction of myogenesis for 18 h. In the case of EID-1, a construct encoding a T7-tagged version of EID-1 was transfected with pRb, because antibodies against endogenous murine EID-1 are not readily available. Samples immunoprecipitated in parallel revealed that wild-type pRb co-precipitated MDM2, HDAC-1 and T7-EID-1 in myotubes ( Figure 7A ). Interestingly, mutations of pRb lysine residues 873/874 to arginine reduced the efficiency of MDM2 binding without affecting the amount of pRb-associated HDAC-1 or EID-1. This is consistent with HDAC and EID-1 interactions occurring through the pocket region of pRb (Brehm et al, 1998; Magnaghi-Jaulin et al, 1998; Miyake et al, 2000) , whereas MDM2 association takes place in the C terminus (Xiao et al, 1995) . Also, overexpression of P/CAF with p300 in vivo can increase the affinity of pRb for MDM2 (data not shown). Finally, during C2C12 differentiation, MDM2 associated with endogenous pRb following either simultaneous or delayed kinetics relative to P/CAF binding and pRb acetylation ( Figure 7B ). To confirm the functional output of reduced MDM2 binding, we examined the ability of pRb.RR to initiate EID-1 degradation. C2C12 cells were transfected and differentiated for 24 h as before and de novo protein synthesis was inhibited by pre-incubating samples in cyclohexamide. Analysis of whole-cell lysates demonstrated that, even though pRb.RR can bind to EID-1, it was not able to promote EID-1 degradation as rapidly as wild-type pRb ( Figure 7C and D), presumably due to its impaired recruitment of MDM2 and deficient EID-1 ubiquitination. As such, the modulation of pRb-MDM2 binding via acetylation has subsequent effects on the degradation of EID-1 and differentiation-specific gene expression. 
Discussion
The retinoblastoma protein (pRb) is the prototypical tumor suppressor and its molecular functions have been the subject of numerous studies. In the past decade, pRb has been shown to interact with over 100 cellular proteins (Classon and Dyson, 2001) , involved in multiple biological processes, including cell cycle control, development and differentiation. Nonetheless, the physiological significance of most of these complexes remains elusive, and it has become important to ascertain the regulatory processes that coordinate pRb function with such a wide variety of biochemical targets. One potential mechanism is via covalent modification. It is a wellknown fact that pRb can be phosphorylated during various stages of the cell cycle and that this in turn regulates the association/disassociation of pRb with proteins such as E2F (Buchkovich et al, 1989; Chen et al, 1989; Dynlacht et al, 1994) . The results presented herein indicate that modification by acetylation may also serve as a method of controlling pRb functions, particularly during cellular differentiation. Indeed, we demonstrate that acetylation of pRb regulates its ability to cooperate with the tissue-specific transcription factor MyoD to induce cellular differentiation (Figures 4 and 5) . Moreover, as pRb is acetylated during monocyte (Chan et al, 2001) , keratinocyte and muscle differentiation (Figure 1 ), this regulatory process is likely to be conserved.
Although pRb and the co-activators p300/CBP and P/CAF all possess necessary roles in driving muscle differentiation (Novitch et al, 1996; Puri et al, 1997; Polesskaya et al, 2001b) , the mechanism by which their functions are coordinated has been for the most part unknown. Our study provides a potential link between these acetyltransferases and pRb, by demonstrating that pRb acetylation is required for the establishment of permanent cell cycle withdrawal and expression of late differentiation markers. Furthermore, P/CAF may be an important regulator of these pRb-specific functions because it can interact directly with pRb ( Figure 2 ) and promotes the latter's acetylation both in vitro and in vivo (Figure 3) . Despite recent results demonstrating that p300 can also acetylate pRb in vitro (Chan et al, 2001) , p300 is generally not believed to interact with pRb directly in vivo, and it has been suggested that additional cellular proteins promote the formation of such a complex in cells. Given the fact that P/CAF is found in complex with p300 (Yang et al, 1996) and that it can cooperate with p300 in acetylating pRb during myogenesis ( Figure 3C ), P/CAF could recruit p300 to pRb upon cellular differentiation. Alternatively, acetylation by one co-activator might promote the subsequent association of pRb with the other, and induce further acetylation. These models have been proposed to explain the cooperative nature of MyoD acetylation by p300 and P/CAF (Sartorelli et al, 1999; Polesskaya et al, 2001a) , and warrant further investigation with regard to pRb.
It is interesting to note that acetylation of pRb is targeted to its C-terminal region, at lysine residues 873/874 (Figure 3) . Although there is as of yet no identified consensus site for acetylation, the sequence encompassing pRb lysine residues 873/874 (PLKK) ( Figure 3C ) is homologous to P/CAF and p300 target sites found in other acetylated proteins (data not shown). This finding is also of significance as the pRb C domain is less conserved among the different pRb family members, and we were unable to locate sequences homologous to the one encompassing lysines 873/874 in p107 or p130 (data not shown). Our observations would suggest that acetylation at these discrete sites modulates functions particular to pRb, such as those performed during differentiation. À/À 3T3 cells were transfected with plasmids encoding the E2F-1 transactivating domain fused to Gal-4 (Gal4-E2F), pRb or the indicated pRb mutants, and a Gal-4 luc reporter. Following transfection, cells were starved for 24 h before luciferase activity was measured and standardized. (B) The coactivating potential of pRb was assessed by transfecting Rb À/À 3T3s with pRb, pRb.RR or pRbD22, along with MyoD and the MyoDresponsive reporter 4RE-luc. Transfected cells were incubated in DM for 24 h prior to measurements of luciferase activity. A representative of three independent experiments is shown in both (A) and (B). (C) Samples transiently expressing MyoD and pRb or pRb mutants were differentiated for 32 h and the levels of the indicated proteins were examined via Western blot.
Nonetheless, we do not rule out the possibility of all pocket proteins being modified by acetylation at other sites and/or under different biological conditions. A more systematic mapping of putative acetylation residues within pRb and its family members p107/p130 will be necessary in the future.
In spite of these considerations, the idea that acetylation regulates the differentiation-specific properties of pRb is supported by experiments in which we utilized the acetylation-impaired mutant pRb.RR. Inhibition of pRb acetylation at residues 873/874 was not seen to affect repression of E2F transcription ( Figure 6A ), a function shared by all pocket proteins. Instead, acetylation at these sites is required for pRb to act as a co-activator of differentiation-specific transcription and stimulate MyoD activity ( Figure 6B) . Altogether, the fact that pRb acetylation does not affect E2F repression is consistent with acetylation being dispensable for pRb-induced acute cell cycle arrest (Figure 4) . Conversely, as pRb is known to cooperate with MyoD in maintaining cell cycle exit and regulating MyHC expression, the disrupted transactivating potential of pRb.RR correlates with its inability to establish terminal arrest ( Figure 4B ) and induce elevated MyHC levels ( Figure 5 ) during myogenesis.
A mechanistic explanation for this phenotype is provided when acetylation was revealed to increase the affinity of pRb for MDM2 (Figure 7A ), the latter being a ubiquitin ligase known to interact with the C terminus of pRb (Xiao et al, 1995) . How acetylation might affect protein-protein interactions in this domain remains unclear, but may involve alterations in charge and/or structure. Although MDM2 itself is not generally considered a differentiation-specific factor, it has been shown to ubiquitinate and initiate the degradation of EID-1, an inhibitor of differentiation that forms a trimeric complex with pRb and MDM2 (Miyake et al, 2000) . EID-1 is normally degraded upon myogenesis and it ensues that inhibition of pRb acetylation leads to stabilization of EID-1 ( Figure 7C ), which may prolong the repression of differentiation-specific genes. In this regard, the acetylation-impaired mutant pRb.RR behaves identically to C-terminal deletion fragments of pRb incapable of binding MDM2 (Miyake et al, 2000) . Moreover, our study is consistent with the discovery that the pRb C terminus is necessary for myogenic conversion (Guo et al, 2003) , and highlights the contribution of this domain to the overall function of pRb. Therefore, it will be interesting to examine the effects of pRb acetylation on its association with other putative C-terminal binding proteins.
In summary, our data lend credence to the idea that discrete residues in the pRb C terminus are targeted for acetylation upon differentiation, subsequently regulating protein-protein interactions in this latter region of pRb. We provide evidence that acetylation of pRb at residues 873/ 874 increases its affinity for MDM2 and promotes the degradation of EID-1, coinciding with permanent cell cycle exit and de-repression of MyoD-dependent transcription. Based on these results, pRb acetylation may serve as a molecular 'switch', which selectively engages the functions of pRb required for cellular differentiation.
Materials and methods
Plasmids pCX and pGEM plasmids encoding fragments of P/CAF, Gal4-E2F-1 (E2F-1 transactivating domain fused to the Gal4 DNA-binding region) as well as Gal4-luc reporter constructs were obtained from T Kouzarides (Martinez-Balbas et al, 2000) . Plasmid of His-P/CAF HAT was generated by cloning the HAT domain of P/CAF into RR and incubated in DM for 24 h. Nuclear lysates were immunoprecipitated using anti-HA antibody, subjected to SDS-PAGE and Western blot analysis for HA-pRb-associated MDM2, HDAC-1 and EID-1 proteins. In the case of EID-1, a plasmid encoding T7-tagged EID-1 was cotransfected along with the various pRb mutants and detected by immunoblotting with anti-T7 antibody. (B) C2C12 cells were differentiated for the indicated amount of times and IP/Western blot analysis was performed as in Figure 1 . Simultaneous sets of endogenous pRb IPs were blotted for associated MDM2 or P/CAF. (C) C2C12 myoblasts were co-transfected with empty vector, HA-pRb plus T7-EID-1 or HA-pRb.RR with T7-EID-1. Cells were maintained in DM for 24 h, followed by addition of 30 mg/ml cyclohexamide for 1 h. After this treatment (designated as T ¼ 0), whole-cell lysates were collected at the indicated chase time points. EID-1 and pRb protein stability was assessed via Western blot. (D) Quantitation of (C). 
